ABSTRACT-Previous studies with tissue recombination experiments demonstrated that the splanchnic mesenchymes, including hepatic, pulmonary and stomach mesenchymes can support hepatocyte differentiation from the hepatic endoderm in 9.5-day mouse embryos. This phenomenon corresponds to the second hepatic induction. The present study was undertaken to determine whether direct cell-cell contacts between the hepatic endoderm and mesenchyme are required for hepatocyte differentiation, using transfilter experiments in which membrane filters with various pore sizes were inserted between the endoderm and the hepatocyte-inducing mesenchyme (the chick lung mesenchyme). Hepatocyte differentiation occurred even when the direct cell-cell contacts between the hepatic endoderm and the mesenchyme were absent, suggesting that humoral factors may work in this interaction. However, growth of hepatocytes was most prominent in the transfilter experiments with filters having pore sizes of 0.2 and 0.8 µm, which permitted mesenchymal cells or their cell processes to penetrate to the side of the endoderm. These results suggest that two types of tissue interactions, including humoral mesenchymal factors and very local tissue interactions such as direct cell-cell contacts, may be involved in the second step of hepatic induction.
INTRODUCTION
Liver formation from the endoderm requires two successive inductive events with the cardiac mesoderm and the septum transversum mesenchyme (hepatic mesenchyme) during avian and mammalian development (Le Douarin, 1975; Houssaint, 1980; Fukuda-Taira, 1981; Gualdi et al., 1996; Koike and Shiojiri, 1996) . Recent gene-knockout studies suggested another step of the endodermal-mesodermal interactions in liver formation, which follows the preceding inductions and includes the involvement of transcription factor Hlx expressed in mesenchymal tissue (Hentsch et al., 1996) . Several liver-enriched transcription factors, including HNF-6 and HNF-4, are expressed in endodermal cells during liver primordium formation (Duncan et al., 1994; Cereghini, 1996; Landry et al., 1997; Rausa et al., 1997) . However, it still remains to be revealed not only what kinds of signaling molecules work between the endoderm and the mesoderm, but also what endodermal-mesodermal interactions (i.e. humoral or direct cell-cell contacts) occur in these inductive phenomena.
During development of several organs, including the salivary gland, lung, kidney, and stomach, diffusible growth factors from the mesenchyme stimulate growth, morphogenesis and cell differentiation of their epithelial cells (Fukamachi et al., 1994; Nogawa and Ito, 1995; Post et al., 1996; Vukicevic et al., 1996; Koike and Yasugi, 1999) . Direct cell-cell contacts and extracellular matrices have also been shown to play crucial roles in these organogenesis systems (Schuger et al., 1996; Kadoya et al., 1997; Müller et al., 1997; Yang et al., 1998) . To clarify the molecular mechanisms of hepatic induction, it is important to know whether humoral factors or direct cell-cell contacts are required for the tissue interactions.
To determine whether direct cell-cell contacts are essential for inductive events, transfilter experiments in which the inducer and the responding tissue are allocated on both sides of membrane filters with various pore sizes are useful (Takiguchi-Hayashi and Yasugi, 1990; Takahashi and Nogawa, 1991) . Porous membrane filters, which can regulate migration of cells and their cell processes across them, are commercially available.
In the present study, we performed transfilter experiments to examine the roles of humoral factors and direct cell-cell contacts in the second step of the hepatic induction of the mouse embryo. We used the chick lung mesenchyme as the inducer in place of the mouse hepatic mesenchyme in the transfilter experiments, because it possesses potency to support hepatocyte differentiation from the hepatic endoderm in vitro (Koike and Shiojiri, 1996) , and it can easily be isolated as compared with the tiny hepatic mesenchyme. The present transfilter experiments demonstrated that humoral mesenchymal factors alone could induce hepatocyte differentiation from the hepatic endoderm, but the growth of hepatocytes in this case was very poor as compared with the culture of the hepatic endoderm that could directly contact the mesenchymal cells.
MATERIALS AND METHODS

Animals
C3H/HeSlc strain mice (SLC, Shizuoka, Japan) were used. Animals were mated during the night, and pregnancy was confirmed by the presence of a vaginal plug the next morning. Noon of the day the vaginal plug was found was considered 0.5 days of gestation. Embryos at 9.5 days of gestation were staged according to their somite number. Fertilized chick eggs were obtained from a local breeder (Yamagishi, Tsu, Japan).
Transfilter experiments
Mouse embryos at 9.5 days of gestation (with 15-23 somites) were dissected in HEPES (Nakarai Chemical Co. Ltd., Tokyo, Japan)-buffered Dulbecco's modified MEM (DMEM; Gibco, Grand Island, N. Y., USA) under a dissection microscope (model SZH131; Olympus, Tokyo, Japan) with illuminators (model LGW; Olympus), and liver primordia were isolated.
The endoderm of the liver primordium was separated from the hepatic mesenchyme using 0.01% collagenase (for cell preparation; Wako Pure Chem. Ind., Tokyo, Japan) (Fig. 1) . Lung mesenchyme was prepared from 4-day chick embryos also with the aid of collagenase. The hepatic endoderm, which was covered with Matrigel (Collaborative Research, Bedford, Mass., USA), was placed on one side of membrane filters with various pore sizes (Nuclepore, Pleasanton, CA, USA), and the chick lung mesenchyme was placed on the other side (Fig. 1B) . Membrane filters with three pore sizes (0.05 µm, 0.2 µm and 0.8 µm; 10 µm in thickness) were used in the transfilter experiments. For the membrane filters with the pore size of 0.05 µm only diffusible molecules, not cell processes or cell bodies, could pass through. The tissue recombinants for the transfilter experiments were placed on membrane filters (RA-type; Nihon Millipore Kogyo K. K., Yonezawa, Japan) on stainless steel grids, and were cultured for 5 days at the interface between the culture medium and the gas phase of 5% CO 2 in air (Fig. 1A ) (Koike and Shiojiri 1996) . DMEM supplemented with 10% fetal bovine serum (Gibco), epidermal growth factor (10 ng/ml; Upstate Biotechnology Inc., Lake Placid, N.Y., USA), insulin (5 µg/ml; Sigma, St Louis, Mo., USA), dexamethasone (10 -7 M; Sigma), penicillin (100 U/ml; Meiji Seika Co. Ltd., Tokyo, Japan), and streptomycin (100 µg/ml; Meiji Seika Co. Ltd.) was used as the culture medium. The hepatic endoderm, the chick lung mesenchyme, the direct recombinants of the hepatic endoderm and lung mesenchyme, and the liver primordium were also cultured in vitro as controls (Fig. 1) .
To assess migration of mesenchymal cells across the membrane filter in the transfilter experiments, lung mesenchymes were cultured alone on the Nuclepore filter without the endoderm for 3, 6, 12 and 24 hr (Fig. 1D) , and the surface ultrastructure on the other side of the membrane filter was observed by scanning electron microscopy.
Histochemistry
Expression of alpha-fetoprotein (AFP), albumin and carbamoylphosphate synthetase I (CPSI), and glycogen accumulation was his- Fig. 1 . Schematic design of the transfilter experiments. The hepatic endoderm and lung mesenchyme were isolated from 9.5-day mouse liver primordium and 4-day lung primordium, respectively, with the aid of collagenase. The hepatic endoderm was placed on one side of membrane filters with one of three pore sizes (0.05, 0.2 and 0.8 µm; 10 µm in thickness), and the lung mesenchyme was placed on the other side (B). The hepatic endoderm (C), the lung mesenchyme (D), the direct recombinants of the hepatic endoderm and the lung mesenchyme, and the liver primordia were cultured as controls. The direct recombinants of the hepatic endoderm and the lung mesenchyme, and the liver primordia are not shown in this figure. These tissue pieces were cultured for 5 days in the interface of the medium and the gas phase (A).
tochemically examined in the explants as hepatocyte differentiation markers (Koike and Shiojiri, 1996) . Tissues were fixed in a cold mixture of ethanol and glacial acetic acid (99:1 v/v) overnight, and embedded in paraffin at 53°C. Paraffin sections were cut at 6 µm thickness. Expression of AFP, albumin and CPSI was examined immunohistochemically. Dewaxed sections were incubated with the normal goat serum (Rockland, Gilbersville, PA, USA)(1/20 dilution with phosphate-buffered saline [PBS] containing 1% bovine serum albumin [BSA] ) for 20 min, and then with rabbit anti-mouse AFP antiserum (ICN Biomedicals, Inc., Aurora, OH, USA) (1/50 dilution in PBS-1% BSA), anti-mouse albumin antiserum (Cappel Research Products, Durham, NC, USA) (1/50 dilution), or anti-rat CPSI antiserum (a generous gift from Dr. W. H. Lamers) (Gaasbeek Janzen et al., 1985) (1/1000 dilution) for 1 hr at room temperature. After being thoroughly washed in PBS, sections were then incubated with FITC-labeled goat anti-rabbit IgG antibodies (Cappel Research Products)(1/100 dilution in PBS-1% BSA) for 1 hr at room temperature. Specific immunofluorescence was observed with a fluorescent microscope (Model BHS-RF; Olympus). As negative controls, sections were incubated with the normal rabbit serum diluted with PBS-1% BSA in place of the primary antibody.
For demonstration of glycogen, periodic acid-Schiff (PAS) staining was carried out according to the method of McManus (1948) .
Quantitation of growth of hepatocytes
Areas of PAS-positive hepatocytes in every fifteen sections of the explants were traced onto transparent sheets, input and then quantitated with a Luzex F image analysis system (Nireco Corporation, Hachioji, Japan). The data were expressed as volumes which hepatocytes occupied in explants, and statistically analyzed by t-test. Differences were considered significant when P was smaller than 0.05.
Scanning electron microscopy
Tissues were fixed with membrane filters in 2% glutaraldehyde-2.25% paraformaldehyde buffered with 0.01M phosphate buffer (pH 7.2) overnight at 5°C, dehydrated with alcohol series and immersed in t-butyl alcohol. Dehydrated tissues were dried with a freeze-drier (ES-2030; Hitachi, Tokyo, Japan) after being frozen in t-butyl alcohol at -20°C, and then coated with gold by an ion coater (E-1020; Hitachi). The surface ultrastructure of the membrane filter on the other side of the mesenchyme, which was placed on one side of it at the start of the culture (Fig. 1D) , was observed by scanning electron microscopy (S-3200; Hitachi).
RESULTS
Analysis of hepatocyte differentiation by transfilter experiments
When the liver primordium was cultured in vitro for 5 days, the endodermal cells differentiated into many large hepato- cytes expressing AFP, albumin and CPSI, and accumulating glycogen heavily (Fig. 2) . They also formed epithelial structures with large lumina lined by the connective tissue, which morphologically resembled the immature stomach and never expressed albumin and CPSI. When the hepatic endoderm was cultured in the absence of mesenchyme for 5 days, the cells were mostly round and dead (Table 1, Fig. 3 ). The hepatic endodermal cells were positively stained for AFP, but never expressed albumin or CPSI. The PAS staining for glycogen was negative in these endodermal cells. In contrast, when the isolated hepatic endoderm was directly recombined with the chick lung mesenchyme and cultured, it differentiated into many hepatocytes expressing AFP, albumin and CPSI, and accumulating glycogen, and also into epithelial cells surrounding large lumina. When a membrane filter with a pore size of 0.8 µm was inserted between the hepatic endoderm and the lung mesenchyme, and the recombinants were cultured in vitro for 5 days, the endodermal cells formed large luminal structures and also differentiated into many large hepatocytes expressing AFP, albumin and CPSI, and accumulating glycogen (Tables 1 and  2 , Fig. 4) . However, not all explants exhibited hepatocyte differentiation in these transfilter experiments. Epithelial cells forming large luminal structures were columnar or cuboidal, and were negative for albumin and CPSI immunostaining. Lung mesenchymal cells migrated across the porous membrane, and were closely associated with the epithelial structures, and also with differentiated hepatocytes that were located near the membrane filter. However, many hepatocytes that were located in other areas of the explants did not contact these mesenchymal cells. The endodermal cells did not migrate to the side of the mesenchyme across the membrane filter.
In transfilter experiments using membrane filters with the pore size of 0.2 µm, through which the cell processes of mesenchymal cells could penetrate, many large hepatocytes also differentiated (Tables 1 and 2, Fig. 4) . The growth and differentiation patterns of hepatocytes in these experiments were similar to those in the culture with filters with the pore size of 0.8 µm, though the size of the differentiated epithelial structures was smaller than that in the 0.8 µm-filter experiment. At the light microscopic level, migration of mesenchymal cells across the membrane filter could not be confirmed.
In contrast, when membrane filters with a pore size of 0.05 µm were used in the transfilter experiments, large hepatocytes could differentiate (Table 1, Fig. 5 ), but their growth was very poor as compared with the cultures with filters having pore sizes of 0.8 and 0.2 µm ( Table 2 ). The differentiation state of the hepatocytes was a little immature or similar as compared with that of the cultures with filters with pore sizes of 0.8 and 0.2 µm ( Table 2) . The large epithelial structures found in the transfilter experiments with larger pore sizes were rarely observed, though small ones sometimes developed in this culture. Migration of mesenchymal cells to the side of the endoderm did not occur. Tables 1 and 2 summarize the growth and differentiation of hepatocytes in these transfilter experiments. More hepatocytes differentiated with the increase of the pore size of the membrane filters in the explants for the transfilter experiments. The number of hepatocytes that differentiated in the transfilter experiments with 0.8 and 0.2 µm was roughly 13 times as large as that seen in the experiments with 0.05 µm filters ( Table  2) .
The growth and organization of lung mesenchymal cells were also dependent on the pore size of the membrane filter CPSI immunostaining. The hepatic endodermal cells differentiate into large hepatocytes (arrows) expressing albumin and CPSI, and accumulating glycogen. The number of large hepatocytes is poor as compared with those of the culture with the membrane filters having 0.8 and 0.2 µm pores (Fig. 4) . Also note the poor development of the lung mesenchymal cells (me) in this culture. Asterisks indicate a luminal structure. mf, Millipore filter; mg, Matrigel; nf, Nuclepore filter. Bar indicates 50 µm.
in these transfilter experiments. The smaller pore sizes gave poor growth and low cell density of the mesenchymal cells (Fig. 4A, 5A) . The mesenchymal cells also had a tendency to concentrate near the epithelial structures forming large lumina. When the lung mesenchyme was cultured alone for 5 days in vitro, most cells could not survive.
Migration of lung mensenchymal cells across the porous membrane filter
Although the lung mesenchymal cells could be observed to migrate across the membrane filter with the pore size of 0.8 µm in the transfilter experiments at the light microscopic level, the migration of the endodermal cells to the side of the mesenchyme did not occur. Thus, we examined which membrane filters the lung mesenchymal cells could migrate across, and how fast the migration occurred when they were cultured alone on one side of the membrane filter.
Scanning electron microscopy revealed that extensive migration of mesenchymal cells to the other side of the membrane filters took place when the pore size was 0.8 µm (Fig.  6A, 6B) . The cell processes of mesenchymal cells penetrated through the membrane filters with a pore size of 0.2 µm (Fig.  6C, 6D ) but not the cell bodies. The speed of the migration and penetration was very rapid and occurred within 3 hr of culture. Deposition of extracellular matrices by the mesenchymal cells was not clear in these cultures. However, neither mesenchymal cells themselves nor their cell processes migrated across the membrane filter with 0.05 µm pores (Fig.  6E ). Our scanning electron microscopical technique could not visualize the 0.05-µm pores due to the coating.
DISCUSSION
During tissue interactions in organogenesis of mammalian and avian embryos, humoral factors and very local interactions, including direct cell-cell contacts, can play important roles (Nogawa and Ito, 1995; Post et al., 1996; Schuger et al., 1996; Kadoya et al., 1997; Müller et al., 1997; Yang et al., 1998) . In liver formation, two or three successive endodermal-mesodermal interactions are crucial for development (Le Douarin, 1975; Houssaint, 1980; Fukuda-Taira, 1981; Gualdi et al., 1996; Hentsch et al., 1996; Koike and Shiojiri, 1996) . In the present study, we could divide tissue interactions of the second hepatic induction into two types; one with humoral factors, and the other with very local interactions, including direct cell-cell contacts. We demonstrated that humoral factors from the mesenchyme were effective for survival and differentiation of hepatic endodermal cells, but their growth was poor in the transfilter experiments using the Nuclepore filters that did not permit mesenchymal cells or their cell processes to penetrate their pores. The differentiation state of hepatocytes in the culture with such membrane filters was a little immature or similar as compared with the cultures in which direct cell-cell contacts between the hepatic endodermal cells and lung mesenchymal cells were permitted. It remains to be clarified whether the humoral factors work as survival factors or differentiation factors, or both, because in the absence of mesenchyme the endodermal cells failed to survive in vitro. Prominent growth of hepatocytes was induced in the transfilter experiments in which direct cell-cell contacts were permitted, though not all explants exhibited hepatocyte differentiation in these cultures.
It is well known that diffusible growth factors mediate tis- sue interactions in several systems of organogenesis (Fukamachi et al., 1994; Nogawa and Ito, 1995; Post et al., 1996; Vukicevic et al., 1996; Koike and Yasugi, 1999) . Hepatic mesenchyme, lung mesenchyme and stomach mesenchyme can induce hepatocyte differentiation in hepatic endodermal cells at the second step of the hepatic induction, but somitic mesenchyme and metanephric mesenchyme are impotent (Le Douarin, 1975; Fukuda-Taira, 1981; Koike and Shiojiri, 1996) . Although diffusible growth factors produced in the hepatocyte-inducing mesenchyme include aFGF, HGF, EGF, BMP-4, and KGF (Nogawa and Ito, 1995; Post et al., 1996; Urase et al., 1996) , we have demonstrated that aFGF, HGF, EGF, and KGF do not substitute for the mesenchyme (Koike and Shiojiri, 1996; Abe, unpublished data) . BMP-4 or other unknown factors may be indispensable in the second hepatic induction. Sonic hedgehog has also been shown to be an endodermal signal inducing BMP-4 and members of the Hox gene family in the gut mesenchyme (Roberts et al., 1995 (Roberts et al., ,1998 Urase et al., 1996; Bellusci et al., 1997) . The next step will be to determine humoral signaling factors involved in hepatic induction. Prominent hepatocyte growth occurred when the cell-cell contacts or very local tissue interactions were available between the hepatic endoderm and the lung mesenchyme. The local interactions of the hepatic endoderm and mesenchyme may be mediated by direct cell-cell contacts or via extracellular matrices. In the early phase of liver primordium formation, discontinuous basal laminar laminin expression between the endodermal layer and the hepatic mesenchymal layer occurs (Shiojiri and Katayama, 1987; Cascio and Zaret, 1991) , which may permit extensive cell-cell contacts. Thus, the prominent growth of hepatocytes seen in the culture of the present study, in which direct cell contacts were permitted, may be related to the degradation of the basal lamina in normal liver primordium development. In the organogenesis of systems such as lung, kidney and submandibular gland, the importance of cell-matrix interactions has also been indicated (Kadoya et al., 1997; Müller et al., 1997) .
Humoral factors could be effective with direct cell-cell contacts or extracellular matrices in the transfilter experiments with 0.8 and 0.2 µm pore filters, in which direct cell-cell contacts were permitted. Furthermore, the differences in the growth of hepatocytes in the transfilter experiments can be explained by different concentrations of humoral factors passing across the membrane filters. In the transfilter experiments with 0.05 µm pore filters, the concentration of such humoral factors may be too low for the prominent growth of hepatocytes to occur. It is noteworthy that, in the cultures with 0.8 and 0.2 µm pore filters, most hepatocytes proliferated without their direct contact with mesenchymal cells, suggesting that the contact of some endodermal cells with mesenchymal cells is enough to promote their growth. Once some endodermal cells contact mesenchymal cells, they may grow in an autocrine fashion. In any event, the local interactions of the hepatic endodermal cells and lung mesenchymal cells, including the presence or absence of their direct cell-cell contacts, should be examined by transmission electron microscopy in the future.
We observed that large luminal structures were formed by CPSI-and albumin-negative columnar epithelial cells, especially when migration of mesenchymal cells or penetration of cell processes by mesenchymal cells could occur in the transfilter experiments with larger pore sizes. The penetrating mesenchymal cells, and also mesenchymal cells on the other side of the hepatic endoderm across the membrane filter, were preferentially located very close to the typical epithelium. Although it is unknown precisely what kind of organ tissues the epithelial tissue differentiated into (probably the immature stomach judging from the histology), its differentiation may require direct contact with the mesenchymal tissue, which is consistent with tissue interactions during chick stomach development (Takiguchi-Hayashi and Yasugi, 1990) . The formation of large luminal structures may be derived from the contamination by the stomach endoderm in the hepatic endoderm (Koike and Shiojiri, 1996) and the use of the lung mesenchyme as an inducer. The lung mesenchyme often constructs typical ducts when directly recombined with hepatic endodermal cells (Koike and Shiojiri 1996) .
We also demonstrated that the presence of the hepatic endoderm gave crucial influences on the growth and organization of lung mesenchymal cells. Most lung mesenchymal cells could not survive in vitro in the absence of the hepatic endoderm. The smaller pore sizes of the membrane filters used in the transfilter experiments gave poor growth and low cell density of the mesenchymal cells. These results suggest that humoral factors from the endoderm is indispensable for the survival of the mesenchymal cells in vitro, and that very local interactions including direct cell-cell contacts, or high concentration of the humoral factors pomote their growth and organization.
In conclusion, the second hepatic induction can involve two types of tissue interactions; a humoral one and very local interactions, including direct cell-cell contacts. These data and our culture system may be useful for further studies dealing with mechanisms of the hepatic induction.
